Open reading frames within the unique short segment of alphaherpesvirus genomes participate in egress and cell-to-cell spread. The case of varicella-zoster virus (VZV) is of particular interest not only because the virus is highly cell associated but also because its most prominent cell surface protein, gE, bears semblance to the mammalian Fc receptor Fc␥RII. A previous study demonstrated that when expressed alone in cells, VZV gE was endocytosed from the cell surface through a tyrosine localization motif in its cytoplasmic tail (J. K. Olson and C. Grose, J. Virol. 71:4042-4054, 1997). Since VZV gE is normally found in association with gI in the infected cell, the present study was directed at defining the trafficking of the VZV gE:gI protein complex. First, VZV gI underwent endocytosis and recycling when it was expressed alone in cells, and interestingly, VZV gI contained a methionine-leucine internalization motif in its cytoplasmic tail. Second, VZV gI was found by confocal microscopy to colocalize with VZV gE during endocytosis and recycling in cells. Third, by a quantitative internalization assay, VZV gE:gI was shown to undergo endocytosis more efficiently (steady state, 55 to 60%) than either gE alone (steady state, ϳ32%) or gI alone (steady state, ϳ45%). Further, examination of endocytosis-deficient mutant proteins demonstrated that VZV gI exerted a more pronounced effect than gE on internalization of the complex. Most importantly, therefore, these studies suggest that VZV gI behaves as an accessory component by facilitating the endocytosis of the major constituent gE and thereby modulating the trafficking of the entire cell surface gE:gI Fc receptor complex.
Endocytosis is an important internalization process by which cells obtain extracellular molecules. Receptor-mediated endocytosis enables selective uptake of macromolecules by the cell. The process begins with receptors selectively concentrating in clathrin-coated pits on the cell membrane, after which they are internalized and delivered to endosomes. Some receptors continually cluster in coated pits and undergo rapid internalization such as the Fc␥RII, the transferrin receptor (TR), and the low-density-lipoprotein (LDL) receptor. Other receptors are concentrated in clathrin-coated pits only after binding their ligand, e.g., the epidermal growth factor receptor (42) . The clustering in clathrin-coated pits and the internalization of receptors have been shown to be dependent on internalization signals in the cytoplasmic tail, which have been defined as tyrosine motifs or dileucine motifs (33) . The internalization motifs form tight turns and interact with adaptor complexes associated with clathrin-coated pits (3, 31) . Upon entering endosomes, the receptors are sorted into specific pathways, such as the recycling pathway or the lysosomal pathway. Receptors which enter the recycling pathway continually recycle from the cell surface to the endosomes and back to the cell surface again. These receptors include the TR and the LDL receptor, which have recycling efficiencies higher than 98% (19, 26, 40) . In contrast, the epidermal growth factor receptor enters the lysosomal pathway along with its ligand and is subsequently degraded in the lysosomes (35) .
Recent reports have demonstrated that viruses encode proteins which also undergo endocytosis from the cell membrane. First, both simian immunodeficiency virus and human immunodeficiency virus type 1 encode an envelope protein which undergoes endocytosis from the cell membrane. Retroviral envelope protein endocytosis was dependent on a tyrosine motif in the cytoplasmic tail region (9, 34, 36) . Second, varicella-zoster virus (VZV) encodes a glycoprotein, gE, which has been demonstrated to undergo endocytosis from the cell membrane (1, 32) . Likewise, VZV gE was shown to have a tyrosinecontaining motif in its cytoplasmic tail which was important for internalization (32) . Thus, virus-encoded proteins share similar trafficking sequence motifs with cellular receptors.
VZV is classified as one of the human alphaherpesviruses along with herpes simplex virus and pseudorabies virus. The VZV genome is the smallest of the human herpesviruses, including about 70 open reading frames (ORFs) (4) . The gE glycoprotein (ORF 68; previously designated gpI or gp98) is the predominant glycosylated VZV cell surface antigen, where it is often localized along "viral highways" (15, 29, 45) ; it is also detected within the cytoplasmic vacuoles containing nascent virions (17, 28, 29) . VZV gE has been designated a typical type I transmembrane glycoprotein; it is highly modified by both N-linked and O-linked glycosylation, sialylation, and sulfation, as well as serine/threonine and tyrosine phosphorylation (13, 33, 47) . Further, VZV gE forms a protein complex with VZV gI during viral infection. VZV gI (ORF 67; previously designated gpIV) is another type I transmembrane glycoprotein which is N-linked and O-linked glycosylated and serine phosphorylated (13, 46) . The gE:gI complex is located on the cell membrane of both virus-infected cultures and vesicular lesions in patients with chicken pox and herpes zoster (8, 23, 43, 45) . Furthermore, the complex functions as a cell surface Fc receptor for nonimmune human immunoglobulin G (IgG) in both virus-infected cells and transfected cells (22, 23) . Herpesviral Fc receptor activity has been proposed as a mechanism to protect virus-infected cells from lysis by the immune system (11) .
The ORFs for gE and gI are located in the unique short (U S ) segment of the VZV genome. Based on genetic analyses of the evolution of herpesviruses, the U S region is considered a recent addition to the herpesviral genome; it may function to provide a biological advantage for survival (25) . The reason why an emergent VZV genome usurped an Fc receptor complex remains an interesting issue for investigation, particularly with regard to the role of alphaherpesviral gE:gI in neurotropic cell-to-cell spread (6, 7, 10, 20) . The fact that a VZV gI null mutant spreads very poorly in cell culture reinforces the importance of the VZV gE:gI complex (24) .
MATERIALS AND METHODS
Cells, plasmids, and antibodies. HeLa cells (ATCC CCL2) were obtained from the American Type Culture Collection, Rockville, Md. HeLa cells were grown in Eagle complete medium supplemented with 10% fetal bovine serum. Descriptions of recombinant vaccinia virus (T7-vaccinia virus) and expression plasmid pTM1 have been published (30) . Construction of plasmid pTM1-gE containing VZV ORF 68 and plasmid pTM1-gI containing VZV ORF 67 have been described previously (46, 47) . Monoclonal antibody (MAb) 6B5 recognizes an epitope in the gI ectodomain (46) , while MAb 3B3 binds to a defined epitope in the gE ectodomain (16) .
Endocytosis assay with laser scanning confocal microscopy. The endocytosis assays were performed as previously described (32) . Briefly, HeLa cells were seeded in 35-mm-diameter culture dishes at a concentration of 6.2 ϫ 10 5 cells per dish and incubated overnight at 37°C. The cells were infected with recombinant T7-vaccinia virus and then transfected with Lipofectin containing 4 g of pTM1-gI construct. Six hours after transfection, fresh medium was added, and the cells were incubated overnight at 37°C; 16 h posttransfection, the cells were washed with cold phosphate-buffered saline (PBS; pH 7.4) and MAb 6B5 was added to each dish (1:1,500 dilution in PBS). After a 30-min incubation at 4°C, the cells were washed once with PBS and once with Eagle complete medium with 10% fetal bovine serum. Fresh medium was added, and the cells were incubated at 37°C for various time periods. Subsequently, the cells were fixed and permeabilized with 2% paraformaldehyde in 0.1 M Na 2 HPO 4 with 0.05% Triton X-100. The cells were washed with PBS prior to incubation for 1 h with goat anti-mousefluorescein isothiocyanate (FITC) conjugate (1:1,000 dilution; Biosource). The cells were washed again and then viewed with a Bio-Rad 1024 laser scanning confocal microscope at the University of Iowa Central Microscopy Research Facility (33) . Images were saved and analyzed as previously described (32) .
Colocalization of gE and gI during endocytosis. HeLa cells were transfected with both pTM1-gI and pTM1-gE as described above. The cells were incubated with MAb 6B5 (1:1,500 dilution) and rabbit monospecific polyclonal antiserum which recognizes VZV gE (1:1,000 dilution). The cells were incubated at 37°C with medium for 0, 15, 30, or 60 min. After each time period, the cells were fixed and permeabilized. The cells were then incubated for 1 h with secondary antibodies, goat anti-mouse-Texas red conjugate (1:1,000 dilution; Molecular Probes), and goat anti-rabbit-FITC conjugate (1:1,000 dilution; Biosource).
Endocytosis and recycling of VZV gE and gI after trypsin treatment. HeLa cells were transfected with gI alone or with gE and gI as described above. The endocytosis and recycling assay closely resembles that previously described (32) . Briefly, the cells were incubated with MAb 6B5 alone or both MAb 6B5 and polyclonal antiserum for gE at 4°C for 30 min. The cells were then incubated with medium at 37°C for 30 min. Next, the cells were treated with 1 mg of trypsin (Sigma) per ml at 0°C for 30 min. After trypsin treatment, the cells were washed and returned to 37°C with fresh medium containing 0.5 mg of trypsin inhibitor per ml for 30 min. After incubation at 37°C, the cells were fixed with 2% paraformaldehyde in 0.1 M Na 2 HPO 4 . The cells were then incubated with secondary antibody, goat anti-mouse-FITC conjugate alone, or both goat antimouse-Texas red and goat anti-rabbit-FITC conjugates for 1 h.
Quantitative internalization assay of VZV gE and gI. HeLa cells were transfected with gE, gI, or gE and gI as described above. This assay was performed similarly to that previously described (32) . Six hours posttransfection, 250 Ci of [ 35 S]methionine-cysteine (specific activity, 7.15 mCi/ml; PRO-MIX [Amersham]) per ml of medium was added to each dish, and the cells were incubated for 10 h at 37°C. The cells were washed and incubated with MAb 6B5 (1:1,500 dilution) or with MAb 3B3 (1:2,000 dilution) for 30 min at 4°C. The cells were washed and incubated at 37°C for different time periods. At the given times, the cells were treated with 1 mg of trypsin per ml for 30 min at 0°C to remove surface proteins. A previous experiment demonstrated that all surface protein is removed by trypsin treatment (33) . The cells were then lysed in radioimmunoassay buffer containing 0.5 mg of soybean trypsin inhibitor (Sigma) per ml on ice for 30 min. The lysates which contain antigen-antibody complexes were incubated with protein A-Sepharose CL-4B beads (Pharmacia) and precipitated as previously described (32) . The proteins were eluted from the protein A beads in reducing buffer (125 mM Tris [pH 6.8], 6% glycerol, 10% 2-mercaptoethanol). The immunoprecipitated proteins were analyzed on 10 to 18% gradient polyacrylamide gels containing 0.1% sodium dodecyl sulfate. The gels were analyzed with a Packard Instantimager and exposed to radiographic film.
Construction of endocytosis mutant gI by recombination PCR. To mutate methionine residue at position 328 and leucine residue at position 329 in the gI cytoplasmic tail into alanine residues, site-directed mutagenesis was performed by recombination PCR (48) . Four oligonucleotide primers were prepared to generate two linear fragments containing homologous ends. One pair of mutating primers and one pair of nonmutating primers were designed. The nonmutating primers were prepared as previously described (33, 48) . The mutating primers were prepared by Genosys through the University of Iowa DNA Core facility. Sequences of the mutating primers were 5Ј TCCGATGTGGCTGCAG AGGCCGCCATTGCAC 3Ј and 5Ј GTGCAATGGCGGCCTCTGCAGCCAC ATCGGA 3Ј with a 31-bp overlap. Plasmid pTM1-gI was first linearized with restriction endonuclease SacI or SpeI. One mutating and one nonmutating primer were used in pairs to generate linear fragments. Amplification of the DNA fragments from the linearized plasmid template was performed by PCR methods previously described (33, 48) . The two linear DNA products were combined and transformed into Max competent Escherichia coli DH5␣ cells (BRL, Life Technologies). Recombination between the homologous fragments produced a plasmid, gI-AA, containing the designated mutation. The mutation was verified by partial sequencing at the University of Iowa DNA Core facility.
RESULTS
Endocytosis of VZV gI. Recently, VZV gE was shown to undergo endocytosis from the cell membrane in a manner similar to that of the TR (32) . In the infected cells, VZV gE is usually associated with a second viral protein, gI, to form the gE:gI complex (13, 44) . When gE and gI are coexpressed in a dual transient transfection system, they also form a gE:gI complex on the cell surface (22, 46, 47) . Since the gE:gI complex may be a more accurate representation of the situation in the infected cell, we investigated the trafficking of the gI molecule alone and together with gE. To this end, VZV gI was expressed in HeLa cells, and a confocal-microscopy endocytosis assay was conducted. HeLa cells were transfected with plasmid pTM1-gI, which contains the entire wild-type gI gene. Sixteen hours posttransfection, the cells were incubated with MAb 6B5 at 4°C for 30 min. Incubation of cells at 4°C inhibits endocytosis of proteins from the cell membrane, thus allowing the antibody to bind to surface proteins. Murine MAb does not induce endocytosis of the protein (32) . The cells were then incubated at 37°C for 0, 15, 30, 45, or 60 min to allow internalization of gI. After the timed incubations at 37°C, the cells were fixed, permeabilized, and probed with secondary antibody conjugated with FITC to determine the localization of the antibodybound gI proteins within the cell. The cells were examined by confocal microscopy with laser sectioning in 1-m increments (zeta series). Multiple images were analyzed for each time point, and the central sections from each cell were compared for gI localization.
As shown in Fig. 1A , when VZV gI-transfected cells were incubated with MAb 6B5 and not returned to 37°C, the antibody-bound gI was detectable on the surface of the cell but was not observed within the cell. When the cells were incubated with MAb 6B5 and then incubated at 37°C for 15 min (Fig.  1B) , some gI was still observed on the surface while some was also internalized within the cell. After 30, 45, or 60 min at 37°C (Fig. 1C to E) , larger amounts of gI were localized within the cell, especially in small vesicle-shaped clusters. Since these cells were optically sectioned to examine intracellular VZV proteins, the gI visible in Fig. 1C to E cannot be located only on the cell surface. As a control, mock-transfected HeLa cells were not bound by MAb 6B5 during the 30-min incubation (Fig. 1F) . The results of this experiment indicate that when VZV gI was expressed alone in transfected cells, it underwent endocytosis from the cell membrane in a manner similar to that of VZV gE.
Colocalization of VZV gE and gI during endocytosis. To determine if gI follows a similar pattern of endocytosis and recycling when expressed with gE, colocalization experiments were performed with confocal microscopy. Colocalization of VZV gE and gI was examined in cells cotransfected with the genes for gE and gI and double labeled with antibody for gE and gI during the endocytosis assay. To this end, HeLa cells were transfected with plasmids pTM1-gE and pTM1-gI. Sixteen hours posttransfection, the cells were incubated with murine MAb 6B5 and rabbit polyclonal antiserum for gE at 4°C for 30 min. The cells were returned to 37°C for various times, after which they were fixed and permeabilized. The cells were then incubated with goat anti-mouse-Texas red conjugate and goat anti-rabbit-FITC conjugate to identify the localization of each protein within the cell. When the cells were incubated with primary antibody but not returned to 37°C, gE was localized on the cell membrane as previously documented (Fig.   FIG. 3 . Colocalization of VZV gE and gI during recycling. HeLa cell monolayers were singly transfected with the gI gene (A, B, and C) or dually transfected with the gE and gI genes (D to I). Subsequently, monolayers were incubated with MAb 6B5 (A to C) or with both MAb 6B5 and polyclonal antiserum for gE (D to I) while on ice. Some monolayers were incubated at 37°C for 30 min to allow internalization and then treated with trypsin to remove surface proteins. The cells were returned to 37°C with fresh medium containing trypsin inhibitor for 0 (B, E, and H) or 30 (C, F, and I) min. Transfected cells that were neither trypsin treated nor returned to 37°C represented positive controls (A, D, and G). At the given time points, the cells were fixed and stained with goat anti-mouse-FITC conjugate (A to C) or both goat anti-mouse-Texas red conjugate and goat anti-rabbit-FITC conjugate (D to I). Singly transfected monolayers were analyzed by confocal microscopy for gI in panels A to C; cotransfected monolayers were probed for gI in panels D to F and for gE in panels G to I.
FIG. 4. Analysis of internalized VZV gE (A) and gI (B). (A)
The graph of internalized gE was derived from gE either expressed alone or with gI. This graph is representative of four separate experiments (Table 1) . (B) The graph of internalized gI was derived from gI either expressed alone or with gE. This graph is representative of four separate experiments (Table 1). 2A), and gI was also localized on the cell membrane in the same manner as that shown in Fig. 1A (Fig. 2B) . When the two images were merged, the two proteins colocalized to the cell surface, as shown by the yellow color (Fig. 2C) . When the cells were incubated with primary antibodies and returned to 37°C for 15 min, gE was internalized, as shown by staining within the cell (Fig. 2D) , and gI was internalized in the same manner as that shown in Fig. 1B (Fig. 2E) . When the two images were merged, the two proteins were internalized to the same areas of the cell (Fig. 2F) . After 30 min at 37°C, both gE and gI were still being internalized (Fig. 2G and H) . The two proteins were colocalizing within the cell, and small vesicles within the cell contained both proteins (Fig. 2I) . After incubation at 37°C for 60 min, gE and gI were both internalized ( Fig. 2J and K) , and both proteins colocalized within the cell (Fig. 2L) . Therefore, these results showed that gI was internalized along the same pathway as that of gE during endocytosis from the cell membrane.
Recycling of VZV gI. Since gE has been previously shown to be recycled to the cell surface after internalization, the colocalization of gI with gE during endocytosis suggested that gI may also be recycling. To analyze recycling, HeLa cells were transfected with the gI gene alone or cotransfected with both the gE and gI genes. Sixteen hours posttransfection, the cells were incubated with primary antibody MAb 6B5 alone or MAb 6B5 and polyclonal antiserum for gE at 4°C for 30 min. The cells were then returned to 37°C for 30 min to allow internalization of the antibody-bound proteins. Some of the cells were then incubated with trypsin at 0°C for 30 min to remove surface proteins before being returned to 37°C for 30 min. Treating the cells with trypsin removes surface proteins without affecting internalized proteins, while returning the cells to 37°C allows the internalized proteins to return to the cell surface (32) . At various time points, the cells were fixed and then stained with anti-mouse-FITC conjugate or both anti-mouse-Texas red conjugate and anti-rabbit-FITC conjugate. Since the cells were not permeabilized, the secondary antibody was able to bind only surface antibody-bound proteins. The recycling of gI expressed alone in HeLa cells was analyzed first. In the cells which were not trypsin treated after 30 min of incubation at 37°C, some gI remained on the surface (Fig. 3A) . When the cells were treated with trypsin but not returned to 37°C after treatment, all gI was removed from the surface (Fig. 3B) . When the cells were returned to 37°C for 30 min following trypsin treatment, gI was again observed on the surface of the cells (Fig. 3C) . Thus, the gI which was initially found on the surface of the cell (where it bound antibody) was internalized during the first incubation at 37°C and subsequently returned to the cell surface.
The recycling of gI when expressed with gE was then analyzed by double staining for gE and gI. When cotransfected cells were incubated with both MAb 6B5 and anti-gE antiserum, the recycling pattern of gI and gE together was similar to that observed in cells expressing either gI or gE alone. Initially, gI was present on the surface of cells which were not treated with trypsin after the first incubation at 37°C (Fig. 3D) . Similarly, gI was removed from the surface of the cells by trypsin treatment (Fig. 3E) . Finally, gI coexpressed with gE recycled back to the cell surface, as indicated by the presence of gI on the cell surface after incubation at 37°C following trypsin treatment (Fig. 3F ). An identical pattern was seen in the three gE staining profiles (Fig. 3G to I) . These results documented that gI underwent internalization and recycled back to the cell surface whether expressed alone or together with gE. The cells were incubated for the time indicated at 37°C following incubation with antibody during the endocytosis assay. The cells were either left untreated or were treated with trypsin, which removes all the surface proteins, before (0 min) or after the incubation times indicated at 37°C. The proteins which were left after trypsin treatment represented the internalized protein. The radioactivity of each protein was corrected by subtracting the background radioactivity measured in the control sample (incubation time, 0 min; with trypsin).
h The percentage of protein internalized was determined by dividing the corrected counts per minute at each time point by the corrected counts per minute of the total protein present on the surface at the beginning of the assay (time, 0 min; without trypsin), and multiplying this value by 100.
i These values represent data collected for this experiment and three additional independent experiments conducted in a similar manner, as described in Materials and Methods.
Endocytosis of gE and gI as a protein complex. By confocal microscopy, gE and gI were both shown to undergo endocytosis and recycle when they were expressed alone as well as when they were expressed together. Further, the proteins colocalized during endocytosis and recycling when expressed together in HeLa cells. To verify that the gE:gI complex itself was endocytosed and recycled, gE and gI were analyzed by a quantitative internalization protein assay ( Table 1) .
The amount of VZV gE protein internalized at each time point is graphically represented in Fig. 4A . The curves of these graphs are indicative of proteins which are continually internalized and recycled since the total protein present did not vary throughout the experiment (Table 1) . Interestingly, when gE was expressed alone, 30 to 32% of the protein was internalized at a steady state; when gE was coprecipitated with gI during endocytosis, 55 to 57% of the protein was internalized at any given time point. A similar result was observed with gI internalization (Fig. 4B) . When gI was expressed alone and incubated with MAb 6B5 during the endocytosis assay, 43 to 47% of gI was internalized at a steady state. When gI was coexpressed with gE and coprecipitated with MAb 3B3 during endocytosis, gI was internalized at a rate of 58 to 62% at any given time point. These results clearly demonstrated that a greater amount of the gE:gI complex underwent internalization than either protein expressed alone.
Endocytosis of gI and endocytosis mutant gE as a complex. The results described above suggest an important role in endocytosis for the formation of the VZV protein complex. To determine the relative roles of each protein within the complex, we selected a previously described endocytosis mutant gE FIG. 5 . Endocytosis of VZV gI and endocytosis mutant gE. HeLa cells were transfected with the gE-Y582G gene (A, B, and C) or with both the gE-Y582G gene and the wild-type gI gene (D to I). The cells were incubated with MAb 3B3 (A to F) or with MAb 6B5 and polyclonal antiserum for gE (G, H, and I) at 4°C for 30 min. The cells were returned to 37°C for 0 (A, D, and G), 30 (B, E, and H), or 60 (C, F, and I) min. After the incubations, the cells were fixed and permeabilized prior to incubation with goat anti-mouse-FITC conjugate (A to F) or both goat anti-mouse-Texas red conjugate and goat anti-rabbit-FITC conjugate (G, H, and I) for 1 h. The cells were analyzed by confocal microscopy, with gE-Y582G staining green in all panels and the merged images with gI (red) staining yellow in panels G, H, and I. which contains a tyrosine mutation at residue 582 in the cytoplasmic tail (32) . The effect of this gE mutation on the endocytosis of the gE:gI complex was examined. HeLa cells were transfected with the gE-Y582G gene or with both the gI gene and the gE-Y582G gene. When gE-Y582G was expressed alone in cells, the protein was present on the cell surface after incubation with MAb 3B3 and without returning the cells to 37°C (Fig. 5A) . After incubation at 37°C for 30 (Fig. 5B) or 60 (Fig. 5C ) min, gE-Y582G remained on the surface of the cells and was not internalized, similar to a previous observation (32) . When gE-Y582G was coexpressed with gI and incubated with MAb 3B3, gE-Y582G was present on the surface prior to incubation at 37°C (Fig. 5D) . However, after incubation at 37°C for 30 min (Fig. 5E ), gE-Y582G was localized not only on the surface but also within the cell in a characteristic multivesicular endocytosis pattern (compare with Fig. 1) . After a 60-min incubation at 37°C (Fig. 5F ), gE-Y582G was almost completely internalized within the cell, indicating that the gE mutant was being endocytosed when it was coexpressed with gI. Further experiments with cells cotransfected with gE-Y582G and gI and then incubated with polyclonal antiserum for gE and MAb 6B5 demonstrated colocalization of gE-Y582G and gI during endocytosis. When the cells were not incubated at 37°C following incubation with the primary antibodies (Fig. 5G) , both proteins were localized to the cell membrane, as indicated by the yellow color. After incubation at 37°C for 30 min (Fig. 5H) , both gE-Y582G and gI were colocalized both within the cell and on the cell surface. Further, after incubation at 37°C for 60 min (Fig. 5I) , both proteins were colocalized in the cell during endocytosis. These results documented that the tyrosine mutant gE was able to undergo endocytosis when expressed with wild-type gI.
To determine whether gI directly complexed with gE-Y582G enabled endocytosis of the tyrosine mutant gE, a quantitative coprecipitation endocytosis assay was performed. HeLa cells were transfected with gE-Y582G or gE-Y582G and gI and radiolabeled as described above. Cells expressing gE-Y582G alone were incubated with MAb 3B3, and cells expressing gE-Y582G and gI were incubated with MAb 6B5 during the assay. When gE-Y582G was expressed alone, the protein was not efficiently internalized, as shown in Fig. 6 . In contrast, when gE-Y582G was coprecipitated with gI during endocytosis, gE-Y582G was internalized very efficiently (Fig. 6 ). Since internalization of the endocytosis mutant gE:gI complex returned to near that of wild-type gE alone, gI was able to overcome the endocytosis-deficient function of the gE mutant and allow efficient endocytosis of the gE-Y582G:gI protein complex.
Endocytosis sequence in the gI cytoplasmic tail. Endocytosis of cell surface receptors is known to be dependent on specific amino acid sequence within the cytoplasmic tails. As described above, the gE cytoplasmic tail contains a YXXL internalization motif similar to those in other cellular receptors such as the Fc␥RII (12, 27, 32) . Upon examination of the gI cytoplasmic tail sequence, no tyrosine-containing endocytosis sequence was identified (4). However, the gI cytoplasmic tail did contain a potential dileucine-type endocytosis motif: ML residues 328 and 329 (2, 4, 35) . To determine whether this motif was important for endocytosis of VZV gI, the ML sequence was changed to an AA sequence by site-directed mutagenesis. HeLa cells were transfected with the mutant gI gene, designated gI-AA, or the wild-type gI gene. When the gI-AA gene was expressed in cells and incubated with MAb 6B5 (Fig. 7A) , gI-AA was present on the cell surface as shown by surface localization. After 30 min at 37°C (Fig. 7B) , gI-AA was still localized to the cell membrane. In contrast, wild-type gI was internalized within the cells after 30 min at 37°C (Fig. 7D) . Further timed incubations with mutant and wild-type gI showed similar results. Thus, the ML motif was clearly important for efficient internalization of gI in the transfected cell.
Endocytosis of gE and endocytosis mutant gI as a complex. To examine in more detail the effect of the endocytosis mutant gI on the endocytosis of the gE:gI complex, gI-AA was coexpressed with gE in HeLa cells and analyzed by a quantitative coprecipitation endocytosis assay. As shown in Fig. 8 , gI-AA expressed alone demonstrated only 7% internalization. A similarly low rate of internalization was determined for a tailless gI mutant (data not shown). Internalization of endocytosis mutant gI-AA when complexed with wild-type gE was then examined through coprecipitation of the proteins. Interestingly, internalization of gI-AA increased to only 28% when it was complexed with wild-type gE (Fig. 8) . This rate of internalization was substantially lower than that for wild-type gI complexed with wild-type gE or wild-type gI complexed with endocytosis mutant gE (both between 50 and 60%).
DISCUSSION
VZV gE is the predominant cell surface glycoprotein in the infected cell, both in cell culture and in the vesicular lesions seen in humans with chicken pox (13, 45) . The fact that viral glycoprotein gE resembles mammalian cell surface receptors, such as the LDL receptor and the Fc␥RII, has increased interest in defining whether it retains related trafficking patterns. To that end, Alconada et al. (1) reported that VZV gE undergoes internalization from the cell membrane and trafficks to the trans-Golgi network (TGN), where it localizes in the transiently transfected cell. Olson and Grose (32) documented that gE endocytosis from the cell surface occurs in clathrin-coated vesicles; subsequently, gE recycles through the endosomes and trafficks back to the cell membrane. Colocalization studies clearly demonstrate that both gE and TR follow a similar, if not identical, recycling pathway from the plasma membrane (32) . Based on the observations described above, Olson and Grose (32) showed by mutagenesis studies that a YAGL sequence in the gE cytoplasmic tail was indeed the internalization motif. They also confirmed within a transfection system an earlier report by Litwin et al. (23) that VZV gE binds the Fc portion of human (or rabbit) IgG with a distinctive punctate pattern on the cell surface; however, much larger amounts of Fc fragments than those provided by the diluted rabbit antiserum used in the current study are required. In short, VZV gE displays a combination of structural features commonly observed in cell surface receptors (18, 33, 37, 38) . Since the VZV Fc receptor does not bind the Fc portion of murine IgG (23), attachment of murine MAb 3B3 to VZV gE or MAb 6B5 to VZV gI by their Fab domains should not induce the endocytosis events described in this report.
The present study took note of the repeated observation that gE in VZV-infected cells is usually found together with VZV gI in a gE:gI complex (13, 18) . Likewise, in cells cotransfected FIG. 9 . Schema for trafficking of the VZV gE:gI complex. The VZV gE:gI complex is represented by adjacent black and white ovals. The different trafficking patterns are described in detail in the Discussion. Besides the results in this report, this schema is based on data collated from references 1, 13, 17, 28, 32, 49 and 50. ER, endoplasmic reticulum.
with gE and gI genes, the two molecules form a complex which is easily detected on the cell surface (18, 22) . Relevant studies of the major histocompatibility complex class II and the T-cell receptor focus on cell surface proteins which strictly rely on complex formation for proper cellular localization and function. The T-cell receptor contains several protein chains, all of which are required for the receptor to be assembled and transported to the cell surface. Two different internalization motifs, one dileucine and one YXXL located on one component, are responsible for cellular localization of the T-cell receptor (21) . Another complex, major histocompatibility complex class II, requires association of invariant chain with the complex for localization to the cell membrane; the invariant chain contains dileucine-type internalization signals to mediate rapid internalization of the complex (2) . Likewise, the ML endocytosis signal in the gI cytoplasmic tail enables the more efficient endocytosis of gE in the gE:gI complex. Further, mutation to the tyrosine-based endocytosis signal in gE which results in diminished endocytosis was overcome by association with gI. However, the reverse situation was not true; the endocytosis mutant gI was not efficiently endocytosed even when associated with wild-type gE. Thus, VZV gI appears to be important to the virus in facilitating the cellular localization of gE when gE and gI associate in virus-infected cells.
Conclusions from previous studies in conjunction with the results described above are illustrated in a model of VZV gE:gI cellular trafficking (Fig. 9) . Cellular trafficking and localization are dependent on sorting signals located in the cytoplasmic tail of the proteins (42, 44) . VZV gE and gI are first translocated into the endoplasmic reticulum via a signal sequence which is subsequently cleaved from the protein (47) . VZV gE and gI are then transported through the endoplasmic reticulum and into the Golgi apparatus, where the proteins obtain their mature forms (47) . At this point, gE (or the gE:gI complex) may be shuttled to the TGN via an AYRV motif localized in the gE cytoplasmic tail near the transmembrane domain (49, 50) . Alternatively, the VZV gE:gI complex may traffick to the cell membrane directly, like many other cell membrane proteins. After the VZV gE:gI complex is incorporated into the cell membrane, the complex is internalized through use of the respective internalization signals, YAGL and ML. Serine and tyrosine phosphorylation/dephosphorylation within the cytoplasmic tails of gE and gI may further modulate internalization (31, 33, 46, 47) . The clathrin-coated vesicles which contain VZV gE:gI are transported to the early endosomes. The vesicles lose their clathrin coating prior to fusion with the sorting endosome, which is one of the early endosomes (14) . The sorting endosome separates proteins into either the recycling pathway or the lysosomal pathway (41). After gE:gI has entered the sorting endosome either directly from the TGN or by endocytosis from the cell membrane, the gE:gI complex is sorted for transport to the recycling endosome. Since (i) VZV gE colocalizes with the TR during endocytosis and recycling and (ii) the TR does not recycle to the TGN, gE presumably does not recycle to the TGN but rather recycles to the cell membrane (39) . Finally, concepts in Fig. 9 may be relevant to neuronal VZV infection because endocytosis is a recognized trafficking mechanism for neuronal synaptic vesicles (5) .
